ABSTRACT Type IIb Supernova (SN) 2011dh, with conclusive detection of an unprecedented Yellow Supergiant (YSG) progenitor, provides an excellent opportunity to deepen our understanding on the massive star evolution in the final centuries toward the SN explosion. In this paper, we report on detection and analyses of thermal X-ray emission from SN IIb 2011dh at ∼ 500 days after the explosion on Chandra archival data, providing a solidly derived mass loss rate of an YSG progenitor for the first time. We find that the circumstellar media (CSM) should be dense, more than that expected from a Wolf-Rayet (WR) star by one order of magnitude. The emission is powered by a reverse shock penetrating into an outer envelope, fully consistent with the YSG progenitor but not with a WR progenitor. The density distribution at the outermost ejecta is much steeper than that expected from a compact WR star, and this finding must be taken into account in modeling the early UV/optical emission from SNe IIb. The derived mass loss rate is ∼ 3 × 10 −6 M ⊙ yr −1 for the mass loss velocity of ∼ 20 km s −1 in the final ∼ 1, 300 years before the explosion. The derived mass loss properties are largely consistent with the standard wind mass loss expected for a giant star. This is not sufficient to be a main driver to expel nearly all the hydrogen envelope. Therefore, the binary interaction, with a huge mass transfer having taken place at ∼ > 1, 300 years before the explosion, is a likely scenario to produce the YSG progenitor.
INTRODUCTION
Evolution of a massive star in the final stage toward the supernova (SN) explosion is one of the main issues in modern stellar astrophysics. Evolutionary paths to SNe IIb/Ib/Ic, sometimes called stripped-envelope (SE-) SNe (Filippenko 1997) , have been actively debated, since the problem here is directly related to a still-unresolved mass loss mechanism and/or binary evolution. With a progenitor being (nearly) a bare He or C+O star, as analogous to a Wolf-Rayet (WR) star, a question is how the progenitor's envelope has been stripped off for these SE-SNe (Nomoto et al. 1993; Woosley et al. 1994; Georgy 2012; Benvenuto et al. 2013 ). Discovery and confirmation of an unprecedented Yellow Supergiant (YSG) progenitor of SN IIb 2011dh (Maund et al. 2011; Van Dyk et al. 2011 brought many questions to the field, but at the same time, it provides a great opportunity to deepen our understanding on stellar evolution toward SE-SNe. With the main-sequence mass of the progenitor estimated as ∼ 12 − 15M ⊙ (Bersten et al. 2012 ), a single-star evolution model requires a boost in the mass loss rate as compared to the value in the standard prescription (Georgy 2012) , otherwise it will require a close-binary interaction at some point during the evolution (Benvenuto et al. 2013) .
Observationally deriving properties of circumstellar materials (CSM), namely a mass loss rate, should shed light on this issue. For this purpose (among others), radio and X-ray observations have been actively conducted for nearby SE-SNe. The radio signal is however coupled with still-unresolved relativistic electron acceleration mechanism(s). For SN 2011dh, while a standard mass loss rate of Galactic Wolf-Rayet (WR) stars was assumed Soderberg et al. 2012; Horesh et al. 2013) , it was also clarified that the radio data (even complemented by optical data) provide only a loose constraint, 4 ∼ < A * ∼ < 30 (Maeda 2012 ). Hereafter, A * ∼ (Ṁ /10 −5 M ⊙ yr −1 )(v w /10 3 km −1 ) −1 which is a measure of the CSM density normalized by a typical WR mass loss rate and wind velocity (Chevalier & Fransson 2006; Chevalier & Soderberg 2010) . This is defined by ρ CSM = 5 × 10 11 A * r −2 g cm −3 where the radial position from the SN center (or the progenitor), r, is given in cm.
We note that the radio properties are also related to another issue in the progenitor evolution. The shock velocity inferred from the radio data has been suggested to be one of the measures on the spatial extent of the progenitor's envelope, sometimes referred as 'compact' (e.g., WR-like) or 'extended' (e.g., RSG or YSG) (Chevalier & Soderberg 2010) . However, a few recent examples have shown that this is not a perfect indicator of the progenitor's size. The examples include SN 2011dh, which was classified as a compact class from the radio data (Soderberg et al. 2012) , while the progenitor is identified as an YSG (see above) (see also the case for SN IIb 2011hs: Bufano et al. 2014) . Since the radio data provide constraints on the CSM density rather than the progenitor spatial size (except for the very early phase data : Maeda 2013b) , this means that a relation between the CSM density (i.e., the mass loss rate and the mass loss velocity) and the progenitor's nature is yet to be clarified. This also provides strong motivation to study the CSM properties around SN 2011dh.
X-rays provide additionally important information. For SN IIb 2011dh, X-ray observations have been performed in the first month after the explosion, by Chandra, SWIFT/XRT (Soderberg et al. 2012) , and by XMMNewton (Campana & Immler 2012; Sasaki & Ducci 2012) . However, the interpretation of the X-ray emission mechanism is still controversy for SE-SNe (Chevalier & Fransson 2006; Maeda 2012) . If the X-ray emission would be known to be thermal, one can conclusively determine the CSM density (Fransson, Lundqvist, & Chevalier 1996) , but a problem is that it has not been clarified if the Xray is thermal or non-thermal for most SE-SNe except for SN IIb 1993J, which is among nearest and intrinsically brightest X-ray emitter as SE-SNe discovered so far. Generally the low photon statistics does not allow the spectral deconvolution into thermal and non-thermal components (see e.g., Chakraborti et al. 2013) , and it is also the case for SN IIb 2011dh (Soderberg et al. 2012; Maeda 2012) . For the typical CSM density of A * ∼ 1, thermal emission is not able to explain the observed Xray flux level of typical SE-SNe when detected, and thus the inverse Compton (IC) scattering of SN photospheric photons has been sometimes invoked (Björnsson & Fransson 2004; Chevalier & Fransson 2006) . This is also the suggestion for SN 2011dh (Soderberg et al. 2012; Maeda 2012) , while there might be at least non-negligible thermal emission component as well (Sasaki & Ducci 2012) .
In sum, problems in understanding the CSM density, the non-thermal electron acceleration mechanism, and the X-ray production mechanism are all coupled. In this paper, we analyze archival Chandra data of SN 2011dh at ∼ 500 days. At this late epoch, the non-thermal processes are ineffective in creating X-ray photons, since the synchrotron emitting electrons should be in the cooling regime and there are not sufficient optical seed photons for the IC emission (e.g., Maeda 2013a). The late-time X-ray emission, if detected, must come from thermal emission either from a forward shock penetrating into the CSM or a reverse shock penetrating into the ejecta. By detecting the thermal X-ray emission from SN 2011dh, we are able to provide a conclusive determination of the mass loss rate. In §2, we describe data reduction and spectral analyses where we report on detection of strong late-time X-ray emission. In §3, we argue that the latetime X-ray emission is thermal emission from an adiabatic reverse shock penetrating into the outer envelope. In §4 (as complemented by discussion in Appendix), we discuss an origin of the early phase X-ray emission, in view of the natures of the reverse shock derived from the late-time emission. The paper is closed with conclusions and discussion in §5, where we discuss implications of our findings for the evolution toward the YSG progenitor and for non-thermal mechanism in the early phases.
DATA REDUCTION AND SPECTRAL ANALYSES
We analyze the Chandra archival data of M51, covering the position of SN 2011dh, obtained on 9 September 2012 through 10 October 2012 (obsid: 13812-13816, 15496, 15553, PI: K.D. Kuntz). A total exposure of ∼ 750 ks has been divided into 7 epochs in 467 -498 days since the explosion for which we adopt 31 May 2011 (Arcavi et al. 2011 ). In addition, we reanalyze the Chandra archival data of SN 2011dh in the early phases (Soderberg et al. 2012 ) at 12 days (obsid: 12562, PI: D. Pooley, exposure: ∼ 10 ks) and 33 days since the explosion (obsid: 12668, PI: A.M. Soderberg, exposure: ∼ 10 ks), as well as the XMM-Newton archival data (Campana & Immler 2012) at 7 days (obsid: 0677980701, PI: S. Campana, exposure: ∼ 10 ks). In the following spectral analyses, the error is shown for 1σ unless otherwise mentioned.
We analyze the data using CIAO software (ver. 4.5)
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and HEAsoft packages (ver. 6.14)
9 . An X-ray source is clearly detected at the position consistent with that of SN 2011dh, (R.A., dec.) = (13:30:05.124, +47:10:11.301), within a point spread function (Fig. 1) . The position is also consistent with the X-ray source detected in the early phase and there is no doubt that it is SN 2011dh; no such a source was detected in the pre-SN archival images (Soderberg et al. 2012) . A background-subtracted count rate (0.3 − 8 keV) in each exposure during 467 -498 days is ∼ 0.0010−0.0015 counts s −1 with the error in the range of ∼ 0.00009 − 0.00020 counts s −1 (within an aperture of ∼ 5"). Our analysis of the early-phase data results in 0.01284 ± 0.00117 counts s −1 (12 days) and 0.00464 ± 0.00070 counts s −1 (33 days), being consistent with the previous analysis (Soderberg et al. 2012) . Namely, SN 2011dh has faded (only) by a factor of ∼ 4 from 33 days to ∼ 500 days.
Spectra are extracted within a circular region with a radius of 5". Background is extracted within an annulus surrounding the source (5" to 10"), which is free from contaminating sources. The background flux turns out to be negligible (See Fig. 1 ). We co-add the spectra during 467 -498 days in order to create an integrated spectrum with a total exposure of ∼ 750 ks. The integrated data have the background-subtracted count rate of 0.00134 ± 4.66 × 10 −5 counts s −1 and the total counts of 1165 in 0.3 − 8 keV. The extracted integrated spectrum is shown in Figure 2 , along with the spectra at the early phases (see below).
We first perform the Xspec (ver. 12.8.1.; Arnaud 1996) model fit to this integrated spectrum. No significant spectral evolution is expected during these epochs, and the integrated spectrum with a high Signal-to-Noise (S/N) ratio allows us to extract detailed spectral information. Our model fit to the integrated spectrum is summarized in Table 1 and Figure 3 . We first try an absorbed power law (PL) model and then an absorbed thermal plasma model (either apec or vapec), and finally an absorbed, two-component thermal plasma model (apec+apec). The absorbing column density is first treated as a free parameter, but if it is found to be consistent with the Galactic value (N H ∼ 1.8 × 10 20 cm −2 ; Kalberla et al. 2005) , we alternatively fix this to the Galactic value. For the thermal plasma model, we also separately try fits with the abundance treated as a free parameter or fixed to the solar. For the solar abundance in the thermal models, we adopt the values from Lodders (2003) .
Power law Model (PL): It does not give an acceptable fit (null hypothesis probability, n.h.p., of ∼ 10 −2 ; Fig. 3a) . It further requires large N H , ∼ 5 × 10 21 cm −2 , more than one order of magnitude larger than that estimated for the early phase spectrum (Soderberg et al. 2012) . Given that a non-thermal emission is expected to originate in the forward shock (Chevalier & Fransson 2003) , it is quite unlikely that N H increases with time (see also below). Furthermore, the spectrum is very soft, requiring the spectral index of Γ ∼ 4.5. This is incompatible to the non-thermal mechanism, either the IC or synchrotron emission. In sum, we find that the PL model is not appropriate for the spectrum at ∼ 500 days.
Thermal plasma model (apec):
We next try the apec model, i.e., optically thin thermal emission in collisional ionization equilibrium (Smith et al. 2001) 10 . If we fix the abundance to the solar values, the column density is consistent with the Galactic value. With the solar abundance, the fit is statistically poor (n.h.p ∼ 3.9 × 10 −2 ; Fig. 3b ), but it indicates that the peaks seen in the spectrum (e.g., ∼ 1.8 keV) are real, arising from metal emission lines (compare Fig. 3a and Fig. 3b ).
If we take the abundance as a free parameter (while fixing the relative abundance to the solar), a statistically acceptable fit is obtained for the sub-solar abundance (Z = 0.22 ± 0.07Z ⊙ for N H taken as a free parameter, or Z = 0.30 ± 0.08Z ⊙ for N H fixed to the Galactic value 11 ). On the other hand, the metallicity at the progenitor vicinity has been inferred to be of sub-solar to solar, with nearby HII region metallicities spanning Z ∼ 0.6Z ⊙ to ∼ Z ⊙ (Bresolin et al. 2004; Van Dyk et al. 2011; Sahu et al. 2013) . With no direct indication of such a low metallicity in the progenitor, lower than the surrounding environment, we regard this interpretation quite unlikely.
He-rich thermal plasma model (vapec): In the thermal plasma model using vapec, we also find that the He-rich model provides similar results, where the He abundance is varied while the abundances of other elements relative to H are fixed to the solar values. An acceptable fit is obtained for the He abundance of 17.4±4.2 (for N H taken as a free parameter) or 9.9 ± 2.9 (for the Galactic column density)
12 . We however note that while a large abundance of He in the thermal-plasma model fit, using Xspec, is sometimes regarded to be a direct signature of the emission from the He-rich layer (e.g., Smith et al. 2007) , one has to be careful to interpret such a result. This model does require the sub-solar metallic-10 While we focus on the apec model in the following analyses, we have repeated the same analyses using the mekal model, confirming that similar results are obtained.
11 The F-test probability of varying N H is 0.037, and thus the model with Z = 0.22Z ⊙ is just marginally better than the one with Z = 0.30Z ⊙ 12 Thawing N H in the fit results in the F-test probability of 0.04. ity like the H-rich envelope model. With He and other abundances relative to H being 10 solar and 1 solar, this corresponds to the metallicity of ∼ 0.24Z ⊙ -this is indeed very similar to the H-rich, sub-solar model as described above. Namely, the thermal emission from the He-rich thermal plasma is just consistent with the data, but such a model is not in particular favored/disfavored than the H-rich model. Following our argument against the subsolar metallicity, we regard this interpretation unlikely.
Two-component thermal plasma model (apec+apec):
We then investigate if there is an acceptable model with solar metallicity.
In doing this, we introduce an absorbed two-component thermal plasma model (apec+apec) (Fig. 3c) . This model, with the solar abundance, provides an acceptable fit. The model with N H and kT taken as free parameters (while fixing the abundances to the solar values) results in n.h.p. of ∼ 0.7 and the F-test probability of ∼ 1.6 × 10
as compared to the corresponding one-component solar-metallicity apec model. The column density is consistent with the Galactic value. Varying the abundance (while tying those of high-and low-temperature components) results in Z = 1.82 ± 0.95Z ⊙ and the F-test probability of ∼ 1, thus the two-component model does not favor the sub-solar abundance -therefore hereafter our analysis is based on the solar-abundance model. A He-rich two-component model (vapec+vapec) provides very similar results to the (H-rich) solar abundance model.
In the two-component model, the high-and lowtemperature components have the temperature of kT ∼ 2.5 and ∼ 1keV, respectively, as shown in the confidence contours (Fig. 4) . The contributions of individual components to the total (unabsorbed) luminosity are comparable, with the high-temperature component larger by ∼ 30%. As we show below, the temperature of the high temperature component is much lower than expected for the forward shock, thus we attribute both of the twocomponents to the reverse shock -Namely a situation where the emission is mostly originated from the reverse shock, but with variation in the temperature behind the reverse shock (see, e.g., Nymark et al. 2009 ). Such variation in the temperature within the shocked ejecta can, for example, naturally be realized as follows: (1) The outer part is hit by the reverse shock earlier, and thus suffers from some cooling already. This may correspond to the low-temperature component. (2) The ejecta may have fluctuations in the density, perhaps with clumps, and then the high density region (or clumps) will result in a lower reverse shock velocity and lower temperature. Irrespective of the physical interpretation, we regard this two-component (solar-metallicity) model as our best-fit model.
We apply the best-fit H-rich two-component model to individual spectra during 467-498 days. Here, we fix the temperature and the abundances to the values obtained through the fit to the integrated spectrum, but vary only the normalization. The relative normalization between the high-and low-temperature components is fixed. Due to a low photon statistic we perform the Cstatistics (Cash 1979) rather than χ 2 test. We thereby found that this model is statistically acceptable for all the individual spectra 13 . For the cross check of our analysis methods, we also reanalyze the early-phase data obtained by XMM-Newton (Campana & Immler 2012; Sasaki & Ducci 2012) and Chandra (Soderberg et al. 2012) , as shown in Figure 5 . Given the low photon statistics in these data (especially the Chandra data), the best model cannot be selected purely on statistic basis. Following the previous study, we first perform an absorbed power law fit. Within the power law fit, we do not find significant absorption in addition to the Galactic value. For the spectra at 7, 12 and 33 days since the explosion, the best-fit power law models give Γ = 1.2±0.1, 1.5±0.2 and 2.3±0.3, respectively (assuming only the Galactic absorption). These are consistent with the previous study (Campana & Immler 2012; Sasaki & Ducci 2012; Soderberg et al. 2012) , showing a spectral softening with time which may be understood as a combination of a decaying harder component and a persistent softer component (Sasaki & Ducci 2012 , see §4 for more details).
We also try the thermal plasma model for the earlyphase data. If we try the one-component apec model with the abundance as a free parameter, we obtain kT = 1.5 ± 0.4 keV and Z < 0.45Z ⊙ (1σ) for the data at 33 days -it prefers the low metallicity within the one-component prescription, as is similar to the fit to the data at 500 days, suggesting that the X-ray emission at 33 days could actually be explained by the same mechanism as 500 days. The same one-component model for the spectrum at 12 days results in kT = 6.1 ± 1.7 keV, quite different from those at days 33 and 500. The XMM-Newton spectrum at 7 days is even harder and incompatible to the thermal emission from the plasma with kT ∼ < 10 keV. In sum, we conclude that the X-ray emission at 33 days could be largely explained by the same X-ray emission mechanism with that at 500 days, while the earlier data at 7 and 12 days would require a different mechanism. The two-component model, with a larger uncertainty than the one component model due to larger degree of freedom for the poor photon count data, leads to similar conclusions (e.g., kT = 1.2 ± 0.4 keV for the low temperature component at 33 days). This point will be discussed further in §4.
CONSTRAINTS ON PROPERTIES OF THE EJECTA AND CSM
The X-ray light curve of SN 2011dh (assuming the distance of 8.4 Mpc) is shown in Figure 6 . We extract an unabsorbed flux of SN 2011dh in 0.3 − 8 keV, averaged in 467-498 days since the explosion, based on our best fit model to the integrated spectrum -Namely, the two-component H-rich, solar-abundance thermal plasma model with only the Galactic column density. The derived X-ray luminosity is not sensitive to the particular model used here (see Tab. 1). The fluxes in individual epochs were also extracted by applying the same model (see §2). For the individual points, the errors account only for the global normalization (e.g., omitting that comes from the relative normalization between the twocomponents), therefore the errors are rather optimistic; therefore we do not claim significant evolution between the short period in 467 -498 days. The fluxes extracted with the power law models for the early-phase data are consistent with the previous study (Campana & Immler 2012; Sasaki & Ducci 2012; Soderberg et al. 2012 ).
The forward shock velocity (V FS ) has been constrained by VLBI observations. The average speed up to 179 days is 21, 000 ± 7000 km s −1 @ (Bietenholz et al. 2012 ). Thus the forward shock velocity at 500 days should be within the range of 18, 500 − 21, 000 km s −1 (±7, 000 km s −1 ) taking into account the deceleration; the lower value is obtained for a canonical model for the deceleration (Chevalier 1982) , V FS ∝ t −0.12 (for n ∼ 10 and s ∼ 2, where n is the power law index of the ejecta outer density distribution given as ρ ej ∝ v −n , and s is for the CSM density distribution given as ρ CSM ∝ r −s ) while We also plot the published data from Soderberg et al. (2012) by filled circles. The inset shows the light curve in the late-phase extracted from individual spectra (filled squares). For the individual points, the errors account only for the global normalization (e.g., omitting that comes from the relative normalization between the two-components), therefore the errors are rather optimistic; therefore we do not claim significant evolution between the short period in 467 -498 days. Unabsorbed X-ray light curves are shown for the reverse shock with A * = 15, with (n, s) = (20, 1.9) (red/thick solid) and (20, 2.0) (blue/thin solid), where n and s are defined by ρ ej ∝ v −n and ρ CSM ∝ r −s . The forward shock contribution is also shown (green dotted).
the larger value assumes free expansion (for either the large value of n or very low CSM density ; Chevalier 1982; Maeda 2013b) . The electron temperature behind the forward shock is given as follows:
T FS = 2.27 × 10 9 µ s V FS 10, 000 kms −1 2 K ∼ (3.6 − 4.7) × 10 9 K, for µ s = 0.61 , (7.8 − 10.0) × 10 9 K, for µ s = 1 .
Here the mean mass per particle (in a.m.u.) is described by µ s : µ s = 0.61 for the solar metallicity (i.e., H-rich composition), while µ s ∼ 1 for the He-rich composition [n(H) = n(He) = 1]. This estimate assumes the equipartition between thermal ions and electrons, and thus could be an overestimate of the electron temperature behind the (low-density) forward shock by a factor of ∼ 2 (Fransson, Lundqvist, & Chevalier 1996) . In any case, the electron temperature behind the forward shock is clearly too high to explain the observed X-ray emission at 500 days. The only remaining possibility for the relatively low temperature (∼ 1 − 2.5 keV) thermal emission is the one from the reverse shock. The electron temperature behind the reverse shock can be estimated as follows (e.g., Chevalier & Fransson 2003) :
under the assumption of the electron-ion equipartition (which will be justified later). Hereafter we adopt the two component model(s) in our analysis, while adopting the one-component sub-solar model does not change our conclusions ( §5). For s ∼ 2 expected for the steady mass loss as was also indicated by the radio observations (Soderberg et al. 2012; Maeda 2012) , we find that either n ∼ 20 (H-rich case) or n ∼ 25 (He-rich case) is necessary so that the temperature behind the reverse shock explains the characteristic energy in the observed X-ray emission (Fig. 7) . This is quite steep as compared to a fiducial value (n ∼ 10) frequently assumed for SE-SNe with a compact progenitor (e.g., Chevalier & Fransson 2006) . Indeed there is evidence that SN IIb 1993J, from a giant progenitor with an extended envelope, had the steep density gradient at its outermost layer (n ∼ > 20), inferred from the hydrodynamic explosion model (Suzuki & Nomoto 1995) and X-ray analysis (Fransson, Lundqvist, & Chevalier 1996) . Therefore, it is likely that SN IIb 2011dh from the YSG progenitor shares a property in the outermost layer similar to SN IIb 1993J rather than other SE-SNe (SNe Ib/c and a part of SNe IIb).
The X-ray luminosity is roughly described by the following expression: L ∼ Λn e n H V , where Λ is the cooling function (erg s −1 cm 3 ), n e is the electron density (cm −3 ), n H is the hydrogen density (cm −3 ), V is the volume (cm 3 ) of the emitting region. Since the cooling function, taking into account the metal content, is given in plasma models in XSPEC, we can measure n e n H V (as a norm) by the spectral fitting. For the high temperature component in the two-component model(s), we find the following: n e,h n H,h V h ∼ 2.4 × 10 60 cm −3 , for H-rich composition , 6.9 × 10 59 cm −3 , for He-rich composition .
For the low temperature component, we find the following: n e,l n H,l V l ∼ 1.2 × 10 60 cm −3 , for H-rich composition , 2.9 × 10 59 cm −3 , for He-rich composition .
(4) Here the subscripts h and l refer the high-and lowtemperature components, respectively. Taking into account the different compositions, we can rewrite these expressions in terms of the density behind the reverse shock (n RS ) and the mass swept up by the reverse shock (M RS ). Doing this requires another constraint -for simplicity first we assume that the densities behind the reverse shock are (roughly) the same for the high-temperature and low-temperature components, which would correspond to the situation that the high-temperature component reflects a component freshly injected into the reverse shock while the low temperature component reflects the ejecta which was hit by the reverse shock earlier and experienced some cooling already. We then obtain the following constraint:
, for H-rich composition , 2700 cm −3 , for He-rich composition .
(5) Here, the subscript RS is for the quantities behind the reverse shock.
With R ∼ 3 × 10 16 cm at 179 day (Bietenholz et al. 2012) , the radius reached by the ejecta at 500 days is estimated to be R ∼ 8 × 10 16 cm. This is for n = 20, but it is anyway not sensitive to the value of n. With R ∼ 8 × 10 16 cm, the mass swept up by the reverse shock is (assuming s = 2):
Here the coefficient in the conversion is from Chevalier (1982) . The density behind the reverse shock, with R ∼ 8 × 10 16 cm, is estimated as follows:
, for H-rich composition , 1.0 × 10 4 A * cm −3 , for He-rich composition .
Here we assume n = 20 and s = 2. By combining these expressions (5-7), we derive A * ∼ 12 for the H-rich composition and A * ∼ 18 for the Herich composition (Fig. 8) . Namely, the result, A * ∼ 15, is not sensitive to the unknown composition within the outer envelope where the reverse shock is penetrating. The mass swept up by the reverse shock at ∼ 500 days is M RS ∼ 0.013M ⊙ , again insensitive to the composition. The mass loss rate is thusṀ ∼ 3 × 10 −6 M ⊙ yr −1 (v w /20 km s −1 ), corresponding roughly the one at ∼ 1, 300 × (v w /20 km s −1 ) −1 yrs before the explosion 14 . To estimate an uncertainty in the above derivation, we also consider a case where n RS,h = n RS,l . A physically motivated case is that the difference reflects a preshocked density variation, and in this situation we can relate the densities and temperatures behind the reverse shock by T RS,l /T RS,h ∝ (n RS,l /n RS,h ) −1 . From this, we 14 Hereafter we normalize the mass loss rate by the wind velocity of vw ∼ 20 km s −1 , as is the same with the one adopted for an YSG progenitor by Krauss et al. (2012) have a constraint as n RS,h ∼ 0.4n RS,l . In this situation M RS,h ∼ 5M RS,l and thus the high-temperature component dominates the mass in the emitting region. In this case, following the same procedure for the case with n RS,h = n RS,l , we estimate A * ∼ 10 for n RS,h = n RS,l , not far from the estimate above. Since the two situations mentioned above cover the opposite situations in the possible difference between n RS,l and n RS,h , we conclude that our derivation of A * ∼ 15 is robust.
This solution (A * ∼ 15) requires n RS ∼ (1.5−3.0)×10 5 cm −3 , depending on the composition. We estimate the cooling time behind the reverse shock as follows:
∼ 14, 000 day , for H-rich composition , 9kTeMRS 5mHL ∼ 9, 000 days , for He-rich composition .
Here we set the temperature by the one from the lowtemperature component (0.97 keV) to obtain the lower limit. Thus, we conclude that the reverse shock is adiabatic at 500 days. Then, we check the assumption of the electron-ion equipartition in deriving the electron temperature from the shock velocity:
t e−i ∼ 29 T e 10 9 K 1.5 n e 10 8 cm −3 −1 days ∼ 40 − 100 days .
Here, the range corresponds to the different compositions and we adopt the temperature from the hightemperature component to provide the upper limit for the equipartition time scale. We conclude that the ion and electrons are largely in equipartition behind the reverse shock. The optical depth to X-rays by photoelectric absorption within the CSM is
therefore negligible at 500 days. This estimate assumes that the ionization state is largely neutral, therefore provides the upper limit. The column density in the interacting region at 500 days is (assuming the H-rich abundance),
This is only comparable to the Galactic column density -it would not produce detectable absorption as the temperature at the reverse shock, ∼ 1keV, will lead to the high ionization state. The results (negligible absorptions both in CSM and the interacting region) are consistent with the result of the spectral fitting. Note that the column densities in these two regions are comparable and both evolve as a function of R in the same way (∝ 1/R). Therefore, we expect that the larger contribution to absorption is always from the unshocked CSM (as the expected temperature is lower than behind the reverse shock), while the reverse shock contribution can be large (comparable to the CSM) only if/when the reverse shock is in the cooling regime. Through the above estimates, we conclude that the reverse shock is in an adiabatic regime, in electron-ion equipartition, and the absorption is negligible at 500 days. These justify a few assumptions we made in deriving the CSM density, A * ∼ 15.
IMPLICATIONS FOR THE EARLY X-RAY EMISSION
A question is then what happened in the X-ray emission in the early phase. If we assume that the shock velocity follows the time dependence of t −0.06 (for n = 20; Chevalier 1982), we expect that the temperature behind the reverse shock would have been ∼ 1.6 keV (low-temperature component) and ∼ 4.2 keV (hightemperature component) at 7 days, ∼ 1.5 keV and ∼ 3.9 keV at 12 days, and ∼ 1.3 keV and ∼ 3.5 keV at 33 days. Interestingly, the expected temperature is consistent with that inferred for the X-ray emission at 33 days (see §2). This indicates that a large fraction, if not all, of the X-ray luminosity at 33 days was indeed provided by the thermal emission from the reverse shock.
Having determined the CSM density at ∼ 8 × 10 16 cm (corresponding to the mass loss at ∼ 1, 300(v w /20 kms −1 ) −1 years before the SN explosion) from the data at ∼ 500 days, the temporal evolution in the luminosity (therefore the mass loss history) is our next interest. The X-ray luminosity at the late phase (∼ 500 days) is smaller than that at ∼ 30 days by a factor of ∼ 6 (note that the difference is slightly larger than the simple comparison of the photon counts as the light curve is extracted from the spectral models). Here the X-ray luminosities in the early phase shown in Figure 6 are extracted from the power law fit, but we confirmed that extracting flux using the two-component thermal plasma model would not introduce large differences. The temporal behavior in these epochs is roughly L(0.3 − 8 keV) ∝ t −0.65 . The expected evolution is L ∝ Λn RS M RS . If we assume the bremsstrahlung (Λ ∝ T 0.5 e ) and a steady-state mass loss (s = 2), the expression is reduced to a frequently used expression (Chevalier & Fransson 2003 , 2006 Maeda 2013a) , L ∝ V R −1 ∝ t −1 (hereafter R is the radius of the contact discontinuity and V ≡ dR/dt) independent from the outer ejecta density gradient (n). On the other hand, we expect that the temperature behind the reverse shock is fairly low from the beginning (see above), and thus the metal cooling is important -then we can approximate the cooling function as Λ ∝ T −0.67 e (Chevalier & Fransson 2003) . Then, denoting the evolution of R as R ∝ t m , we obtain L ∝ V −1.34 R −1 ∝ t 1.34−2.34m . If we adopt m ∼ 0.94 as expected for (n, s) = (20, 2), then L ∝ t −0.86 -this is steeper than the observed slope, and the expected luminosity at 33 days would exceed the observed luminosity by a factor of 1.8. We note however that L is roughly scaled as L ∝ n 2 CSM ∝ A 2 * , and thus if there was a variation in either the mass loss rate or the wind velocity only by ∼ 30% over the time period between ∼ 1, 300 years to ∼ 100 years before the explosion (for v w ∼ 20 km s −1 ), the expected evolution is consistent with the observed evolution between 33 days and ∼ 500 days.
More specifically, the expression for the evolution of the luminosity from the reverse shock can be generalized as follows:
As demonstration, if s ∼ 1.9 as is just slightly flatter than the steady-state mass loss, then we obtain L ∝ t −0.67 for n ∼ 20 as is consistent with the observation. The slope s = 1.9 corresponds to the decrease of the CSM density at 33 days by ∼ 30% as compared to the steady-state case, as is expected from the above simple argument. In other words, the CSM density slope close to the steadystate wind can explain the X-ray evolution from 33 days to 500 days as the emission from the reverse shock.
We check some conditions to justify the above mentioned situation. First, the cooling time scale is estimated as
for the steady-state mass loss and R ∝ t 0.94 . Normalizing this by the estimate at 500 days (t cool /t ∼ 18 − 28, depending on the composition), we obtain t cool /t ∼ 2.3−3.5 at 7 days, ∼ 3.1 − 4.9 at 12 days, and ∼ 5.0 − 7.8 at 33 days. Therefore, the reverse shock must be adiabatic at any epochs from the beginning. The electron-ion equipartition time scale is
Therefore, this ratio increases monotonically as a function of time, and with our estimate that it is in equipartition at 500 days, this is also satisfied in the earlier epochs. The equipartition is thus always archived behind the reverse shock, justifying our estimate of the temperature. While we assumed s = 2 in the above estimates, the results are not sensitive to it as long as s is close to 2. The photoelectric absorption within the unshocked CSM, which is τ CSM ∼ 0.012 at 500 days, is τ CSM ∝ R
(1−s) ∝ t m(1−s) . Therefore, τ CSM ∝ t − 0.94 for s = 2 or t −0.85 for s = 1.9. This results in τ CSM ∼ 0.45 − 0.66 at 7 days, ∼ 0.29 − 0.40 at 12 days, and ∼ 0.12 − 0.15 at 33 days. Thus the CSM could absorb ∼ 40 % of the emitted X-ray at 7 days, ∼ 30% at 12 days, while at 33 days it is at most 15%. We note that the reverse shock would not make larger absorption than CSM under the condition relevant to SN 2011dh (see §3). These estimates are upper limit, since the CSM may be at a high ionization state due to the high energy photons from the interacting region. Thus, it is consistent with our fit results where we do not identify the evidence of huge absorption in addition to the Galactic one. These estimates, cooling time scale, equipartition time scale, absorption, show that all the assumptions in our derivation are justified from the early to the late phases.
Interpretation of the X-ray emission mechanism at ∼ < 10 days is more complicated. The thermal X-ray luminosity from the reverse shock as extrapolated by our model constructed using the X-ray data at ∼ 500 days and 33 days is lower than the observationally derived luminosity by a factor of ∼ 2 at ∼ < 10 days. Together with the spectral fit results for the spectra at 7 and 12 days ( §2) which do not favor a thermal emission with properties (e.g., temperatures) predicted from the reverse shock model developed for the late-phase data, the X-ray emission at ∼ < 10 days requires an additional mechanism. We note that, despite the possible dominance of this additional mechanism, about half of the X-ray luminosity at ∼ < 10 days could indeed be contributed by the thermal emission from the reverse shock, therefore the interpretation of the early phase data by non-thermal mechanisms need to be revisited with this finding.
What is the nature of this additional X-ray emission mechanism in the early phases at ∼ < 10 days? Based on the spectral softening in the early phase (see also §2 and Figure 5 ), Sasaki & Ducci (2012) argued that the early phase X-ray spectra are composed of two components, one persistent softer emission and the other decaying harder component. They suggested that the softer component is either the thermal emission from the reverse shock or the inverse Compton (IC) emission, while the harder one is likely the bremsstrahlung emission from the forward shock (see also Campana & Immler 2012) . With the present estimate of the non-negligible reverse shock component at these early phases, we suggest that the softer component is identified as the reverse shock component.
For the origin of the hard component in the early phase, we argue that the IC mechanism is more likely than the bremsstrahlung emission from the forward shock. By identifying the reverse shock contribution, we can estimate the luminosity of the thermal emission from the forward shock (Fig. 6) . If we extrapolate the CSM density structure as determined from the data between 33 and ∼ 500 days (i.e., s ∼ 1.9), the forward shock contribution is far below the observed luminosity. One may argue that the mass loss rate just before the explosion might be enhanced by a large factor to increase the thermal emission behind the forward shock (Sasaki & Ducci 2012) , but our investigation of this possibility (see Appendix) suggests that this scenario is incompatible with the evolution of the radio emission and thus is quite unlikely.
Another possibility is the IC scattering of the photospheric photons (e.g., Soderberg et al. 2012; Maeda 2012) . Thanks to large number densities both in the seed photons and relativistic electrons, the IC is suggested to be important in the early phase. A potential difficulty in this scenario is that the spectrum is very hard (Γ ∼ 1.2 for the spectrum at 7 days) 15 , requiring a very hard spectrum of the corresponding non-thermal electrons at the forward shock (N (E) ∝ E −1.4 ). This is much flatter than the radio synchrotron-emitting electrons (N (E) ∝ E −3 ). In this respect, we note that Maeda (2012) suggested that the interpretation of the early-phase X-ray emission as the IC mechanism requires that the electrons at γ ∼ < 50 (for the IC emission) should be an intrinsically different component than that at γ ∼ > 50 (for the radio synchrotron emission), and the former component should have a cut off at a low energy (therefore a flat spectrum at a low energy). Therefore, while further study is required, the IC mechanism remains a possible (additional) mechanism for the early-phase X-ray emission.
CONCLUSIONS AND DISCUSSION
We have found a strong X-ray emission from SN IIb 2011dh at ∼ 500 days after the explosion. Such a latetime X-ray observation is quite rare for extragalactic SNe -especially among SE-SNe, it has been done only for SN IIb 1993J (Immler, Aschenbach, &Wang 2001) and SN Ic 1994I (Immler et al. 2002 . We have shown the thermal nature of the late-time X-ray emission, which must come from the reverse shock. The reverse shock must be in an adiabatic phase, as evidenced by various arguments. Therefore, we can provide a solid measurement of the CSM density as A * ∼ 15, which translates into the mass loss rate in the final ∼ 1, 300 years before the explosion as ∼ 3 × 10 −6 M ⊙ (v w /20 km s −1 ). We have checked various sources of uncertainties in our estimate, and conclude that our derivation of the CSM density and the mass loss rate are robust.
The discovery of the YSG progenitor of SN IIb 2011dh makes the progenitor evolution of this object highly interesting. The derived mass loss rate should be an extremely strong constraint on any evolution models, either a single or binary (Georgy 2012; Benvenuto et al. 2013) . We note that this is a rare case where the mass loss rate of a SE-SN progenitor has been conclusively determined in a way free from assumptions in radio and X-ray emission mechanisms. This is the first report to clarify many properties of the SN ejecta and the CSM through X-ray emissions for the YSG progenitor. In this respect, we find (1) high density CSM, (2) existence of the outer envelope of the progenitor at least ∼ 0.013M ⊙ , (3) steep density gradient in the outer envelope. These are not expected from a WR progenitor, strengthening the case of the YSG progenitor and suggesting quite different properties in the progenitor/environment of a SE-SN from an extended progenitor as compared to a compact, WR-type star. The above properties are shared with a prototypical SN IIb 1993J. The CSM density is between 'compact' SE-SNe (Chevalier & Soderberg 2010) and SN 1993J with an RSG progenitor, linking the properties of the CSM along types of the progenitor star within SE-SNe.
The steep outer density gradient (n ∼ 20) is similar to what was found for SN IIb 1993J. A simple hydrodynamic model with either radiative or fully convective progenitor envelopes, n ∼ 10 − 12, do not predict such steep density gradient. This will be a strong constraint on the nature of the envelope of the YSG (and RSG) progenitor. Also, we note that this finding is important in interpreting the very early UV/optical emission from SE-SNe with an extended progenitor. Frequently a fiducial value of n ∼ 10 is assumed in analyzing such data (e.g., Rabinak & Waxman 2011) , but this would lead to significant errors if applied to SE-SNe from a progenitor with an extended envelope.
The derived mass loss rate is indeed close to the 'standard wind' mass-loss rate, in the final centuries toward the core-collapse, adopted in stellar evolution models of stars with M ZAMS ∼ 12 − 15M ⊙ (Georgy 2012) . Note that this mass range was well constrained for SN 2011dh through optical emission models (Bersten et al. 2012) . We emphasize that the CSM density distribution is close to that expected from the steady-state wind, with variation at the level of ∼ 30% within the last thousand years. Such a mass loss is unable to expel all the hydrogen-rich envelope within the life time of the progenitor star at the giant stage. Namely, our results suggest that in the final centuries the mass loss was just consistent with the YSG wind mass loss, and this steady mass loss cannot be the main driver of the whole hydrogen envelope stripping -this indicates that the mass loss rate was at some point much higher than that in the last thousand years before the explosion, supporting the binary interaction (Benvenuto et al. 2013) as the main driver of the mass loss to produce the YSG progenitor.
Deriving the mass loss rate (and the CSM density) provides also a very strong constraint in understanding still-debated non-thermal/radiation physics in these wavelengths. With A * ∼ 15 as robustly determined, we can address the efficiency of the acceleration of nonthermal electrons producing the early-phase synchrotron radio emission as ǫ e ∼ 0.01 and the efficiency of the magnetic field amplification as ǫ B ∼ 5 × 10 −3 (Maeda 2012) . By estimating the contribution of thermal emission from the reverse shock to the X-ray luminosity in the early phase, we conclude that it is very likely that the X-ray at 33 days was dominated by the same thermal component. The thermal emission from the reverse shock also accounts for about half of the X-ray luminosity at ∼ < 10 days. Therefore, the soft persistent component in the early phase (Sasaki & Ducci 2012) should be identified as the reverse shock thermal emission. The early-phase X-ray spectra showed an additional hard component (Sasaki & Ducci 2012) . We find that it is unlikely that this component is the thermal emission (bremsstrahlung) from a forward shock -such a solution requires a very large density jump by a factor of ∼ 15 and this is inconsistent with radio data (see Appendix) . An interesting alternative is the IC scattering of the SN photospheric photons (Björnsson & Fransson 2004; Soderberg et al. 2012; Maeda 2012) , and in this case the non-thermal electrons at low energy (γ ∼ < 50) should have a flatter spectrum than those at higher energy. This may be consistent with the earlier suggestion that the IC scenario requires that these low energy electrons are a different component than the radio-synchrotron emitting electrons (Maeda 2012 ). While we suggest the IC scenario is more likely than the thermal emission from the forward shock, more detailed study will be necessary to resolve this issue.
The shock wave has expanded to ∼ 8 × 10 16 cm at ∼ 500 days and the swept ejecta mass is M RS ∼ 0.013M ⊙ , which is either H-rich or He-rich. This indicates that the reverse shock should be still in the outer envelope of the progenitor star. Namely, we constrain the mass of the envelope in the YSG progenitor of SN IIb 2011dh to be ∼ > 0.013M ⊙ . We note this is fully consistent with the early-phase optical spectral modeling, from which the hydrogen mass of ∼ 0.024M ⊙ in the outer layer has been derived (Arcavi et al. 2011) .
Our estimate of the CSM density is not sensitive to particular interpretation. For example, we have shown that the derived CSM density is insensitive to the composition in the outer envelope. We also checked this issue, by performing the same analyses based on the one-component sub-solar model. There we have confirmed that all the arguments presented with the two-component model are qualitatively reproduced by the sub-solar model as well. The only difference, in a quantitative sense, is that the required CSM density is reduced by a factor of ∼ 2. This stems from overall low temperature in the sub-solar model, lacking the high temperature component, leading to a larger cooling rate than in the two-component model. While we regard such a low metallicity model unlikely, we note that once an independent estimate of the metallicity is given, that will discriminate these two scenarios. In any case, this would not alter any of our conclusions.
Finally, we note that, while our analyses are based on the assumption that the CSM density is represented by a smooth distribution (ρ CSM ∝ r −s ), most of our conclusions are not influenced by this assumption. First of all, the derived relation between the density and the mass of the emitting region (i.e., equation 5) is basically independent from this assumption. Since the reverse shock position within the ejecta outer envelope is mostly determined by the CSM mass already encountered by the forward shock, the mass loss rate derived by this study can be regarded as the average mass loss in the final 1,300 years in the case with the huge CSM density variation (assuming v w = 20 km s −1 ). Interpreting the X-ray emission as a thermal emission from the forward shock at the putative dense CSM will lead to a similar conclusion, since the density behind the forward shock is required to be similar to the reverse shock case, as constrained by the observed characteristic energy scale in the X-ray spectrum. Moreover, we emphasize that the interpretation based on the smooth CSM density distribution provides consistent results to various observed behaviors, and indeed the derived distribution is close to the steady-state mass loss. Therefore, it does not require the dense CSM shell, and as such we suggest that the smooth CSM distribution is very likely the case. While we argued in §4 that the bremsstrahlung emission from the forward shock does not explain the hard component in the early-phase ( ∼ < 10 days), this is based on the assumption that the CSM density distribution is smooth. Since the dense CSM shell encountered before ∼ < 10 days was (qualitatively) suggested as an alternative scenario (Sasaki & Ducci 2012) , it is interesting to quantitatively investigate if such a scenario is consistent with the observations. In this section, we show that this scenario can indeed work as long as only the X-ray emission is concerned, but it creates a tension to the radio evolution. Figure A .1 shows the expected thermal emission luminosity, both for the forward shock and reverse shock, if one increases the CSM density (at 7 days; ρ CSM ) as compared to the extrapolation from the later phases (ρ CSM,0 ). Here, we calculate the X-ray luminosity at a given epoch, adopting the scaling relations as follows: 
Here we have assumed the density slope of n ∼ 20 to compute the scaling for the temperature, but anyway this produces just a minor correction to the expected behavior for the luminosity (i.e., ∝ ρ -Expected properties of the thermal X-ray emission from SN IIb 2011dh at 7 days, as a function of the CSM density normalized by the extrapolation from the late-phase X-ray behavior. For our standard case (ρ CSM /ρ CSM,0 = 1), the forward shock contribution is negligible, and the reverse shock contribution accounts for about a half of the observed X-ray luminosity. The unabsorbed reverse shock contribution is shown by a thick red line, where the break at ρ CSM /ρ CSM,0 ∼ 10 is due to a transition from an adiabatic to a cooling regime. The possible effect of the cooling shell in creating additional absorption is shown by the thin-red line, which assumes the maximally allowed absorption in the interaction region (i.e., neutral compositions due to the cooling) and provides the lower limit for the reverse shock X-ray luminosity. The forward shock contribution is shown by the dashed green lines, where the thin line is for the bolometric luminosity while the two thick lines are for the fraction of 0.05 and 0.15 emitted in the 0.3 -8 keV range (as appropriate for kT FS ∼ 50 − 150 keV). The only solution to account for the observed property by the forward shock thermal emission is found for kT FS ∼ > 150 keV and
reverse shock is in the cooling regime and the photons may be absorbed in the interaction region (see §4 for discussion on the cooling and the absorption), that will apply for large ρ CSM /ρ CSM,0 . Considering the maximally allowed absorption (assuming the interacting region is neutral in ionization), we find that there is a solution to explain the X-ray luminosity at 7 days by the bremsstrahlung emission from the forward shock. The conditions are ρ CSM /ρ CSM,0 ∼ 15 − 20 and T FS ∼ > 150 keV. This corresponds to a local CSM density (as defined by ρ CSM ≡ 5×10 11 A * r(7days) 2 ) of A * ∼ 150−200, taking into account the CSM density slope of s = 1.9.
Therefore, it is in principle possible to explain (the hard component of) the early-phase X-ray property by the bremsstrahlung emission from the interacting region created by the dense CSM shell, as qualitatively suggested by Sasaki & Ducci (2012) . However, we find that it introduces a discrepancy in the radio data. The radio light curves exhibited a smooth behavior (Soderberg et al. 2012; Krauss et al. 2012; Horesh et al. 2013) , which is difficult to reconcile with such a huge density jump by a factor of ∼ 15 in a short period of time. Figure A. 2 shows the radio spectra of SN 2011dh at 4 and 17 days after the explosion. Taking our fiducial model (ρ CSM /ρ CSM,0 = 1, i.e., A * = 15 as determined at ∼ 500 days), we can explain the general behavior of the radio spectral evolution without fine tuning. However, increasing the density by a factor of 15 (only at ∼ < 10 days) results in totally different spectrum at 4 daystoo high synchrotron self-absorption frequency and too large flux density at high frequencies. (2012) and Horesh et al. (2013) . Note that the radio-synchrotron model (developed for the optically thin and thick limits; see Maeda 2012 Maeda , 2013a ) uses a simple prescription for the intermediate optical depth to the synchrotron self-absorption (SSA), thus the detailed shape around the SSA peak should not be compared directly to the observational data. Also, the model here without a fine-tuning is not intending to provide a detailed fit. 
